Abstract-This paper investigates the resource allocation problem in heterogeneous cognitive wireless networks (HCWNs), with the objective of improving the end-to-end quality of service (QoS) performance for the communication session which is based on multiple radio access technologies (Multi-RATs). The cognitive wireless networks (CWNs) share spectrum resource with primary users. The users with Multi-RATs applied transmit data through multiple paths by splitting the arrival packets to different access points in HCWNs. A mathematical model for minimizing the end-to-end delay with joint consideration of traffic splitting and spectrum resource allocation is formulated, and an algorithm is proposed by iteratively optimizing the traffic splitting and spectrum resource allocation parameters. During each iteration in the proposed algorithm, a tradeoff between the performance and complexity can be achieved. Simulation results show that the proposed algorithm iteratively decreases the end-to-end delay and outperforms conventional algorithms in QoS performance and spectrum utilization.
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I. INTRODUCTION
I N the past decade or so, more and more attention has been paid to cognitive radio (CR) technology which was first coined by Mitola [1] . With CR technology, spectrum utilization can be improved by utilizing the unused spectrum. Currently, CR technology is deployed in most wireless networks, which are named as cognitive wireless networks (CWNs) for effectively utilizing spectrum resource. Some works pay attention to the resource allocation in CWNs, such as [2] [3] . However, with the glowing demand of application in CWNs, CWNs are needed to provide heterogeneous and various services. Future CWNs are expected to become heterogeneous CWNs (HCWNs) with different access bandwidth and coverage range. Considering the heterogenous characteristics of HCWNs, the resource allocation in HCWNs is a great challenge because it must provide a reliable, seamless and high-efficient service performance under different access technologies and service capacities of heterogenous networks. In HCWNs, mobile users choose the best network to access by a single access point. However, the increasing demand of the applications can not be supported by the traditional single access point which often allows terminals to access single network at a time. With the development of radio access technologies, more terminals can be equipped with multiple radio access technologies (Multi-RATs). That is, a better quality of service (QoS) performance can be supported by accessing multiple networks simultaneously. To exploit the advantage of Multi-RATs in heterogeneous wireless networks, proper resource allocation strategies are essential. Serval works focus on the resource allocation in heterogeneous wireless networks based on Multi-RATs, e.g. [4] - [7] . In [4] , a joint resource allocation algorithm with bandwidth and transmission power limitation for parallel multi-radio access in heterogeneous wireless networks is provided, and the work is expanded to the CR environment in [5] . In [6] , a joint resource allocation algorithm for users with QoS support based on Multi-RATs is proposed. Regretfully, the works in [4] - [6] only focus on the maximum system capacity, and the multiple channels between the user and access point are simply treated as an aggregative channel. In practical applications, the users with MultiRATs transmit data through multiple paths by splitting the arrival packets to different access points. In [7] , the communication source user employs traffic splitting parameters to balance the traffic weight in each path to seek the outstanding end-to-end QoS under the feedback controlling. However, it does not account for CR scenario, and joint resource allocation with other parameters is ignored. The traffic splitting ratio often associates with the quality of the path, and better quality brings higher traffic splitting ratio assigned to the path. The quality of path often associates with the spectrum resource of the path in wireless communication scenario. Specifically, in the CR scenario, since the spectrum resource of CRUs is limited to the primary user, the path in HCWNs is unstable. Thus, the optimization of traffic splitting parameter needs to be considered with the time-varying spectrum resource of CR user. To the best of our knowledge, there is hardly any research on joint traffic splitting and spectrum resource in HCWNs with end-to-end QoS performance consideration.
According to the problem mentioned above, we present a step-by-step iterative algorithm for joint traffic splitting and spectrum resource allocation in HCWNs with the end-to-end QoS performance consideration. The major contributions of our work can be summarized as follows:
1) The optimization of joint traffic splitting and spectrum resource allocation in HCWNs is first attempted in this paper. 2) End-to-end QoS performance, which is represented as the whole link's quality scale measured by end-to-end delay, is taken into account. 3) A step-by-step iterative algorithm that iteratively decreases the end-to-end delay is developed, and the tradeoff between the performance and complexity during each iteration is also provided. The rest of this paper is organized as follows: section II begins with the system model. The problem formulation is presented in section III. In section IV, a step-bystep iterative algorithm is provided. Numerical results are presented in section V, followed by conclusions in section VI.
II. SYSTEM MODEL

A. System Model
As shown in Fig.1 , we consider a system consists of K CWNs with a source node which is a service center, a destination node and several intermediate potential relay nodes. Each node in CWNs is a CRU that uses spectrum when the primary user is idle. The source node provides service to the destination node, and communicates with destination node through these relay nodes. Without loss of generality, we consider relay nodes distribute in K CWNs. In each CWN, relay nodes form a single endto-end path for the communication session. The source and destination nodes are assumed to be equipped with Multi-RATs. That is to say, the source and destination nodes can access K CWNs simultaneously and there will be K paths between the source and destination nodes for the communication session. Suppose the number of transmitting nodes which consist of the source node and relay nodes in the path i is denoted as m i .
In the system model, each CWN coexists with primary user via overlay spectrum sharing technology, which means the users in the CWN use spectrum only when primary user is idle. The communication session applies for spectrum resource for the path in each CWN. We suppose the spectrum resource in each network is divided into multiple spectrum fragments with equal bandwidth. The number of applied spectrum for each path can be denoted as n = {n 1 , n 2 ...n i ...n K }, where n i is an integer number. Moreover suppose the maximal spectrum resource which the communication session can utilize is N th .
In the model, the arrival packets rate of the communication session is denoted as λ. The arrival packets are split to each path by the parameter α = {α 1 , ..., α K }, which is represented as the send weight of arrival packets in each path.
The objective of this model is to improving the end-toend QoS performance which is presented as minimizing the end-to-end delay of the communication session by joint optimizing the traffic splitting and spectrum resource allocation. Before the problem is formulated, how the end-to-end delay associates with the traffic splitting and spectrum resource allocation is presented in the next subsection.
B. Primary user traffic model
We assume that the CWN coexists with primary user via overlay mode, which means each CRU node can transmit only if the spectrum is not occupied by primary user. Each CRU node needs to be aware of the traffic statistics of primary user at each applied spectrum. We model each spectrum as an ON/OFF channel. An ON/OFF channel usage model represents the time-slot that the channel is or is not occupied by primary user. It is assumed that the activity of primary user in CWN i can be modeled as λ is denoted as the probability of the channel in ON/OFF state, and we can get
C. Secondary user random access model
The CRU nodes in the networks utilize the spectrum in random access model. Each node chooses a spectrum independently and senses the spectrum. If the spectrum is unoccupied by the primary user, the CRU nodes contend for the spectrum. Nodes with random access model may generate collision when they content for spectrum. Using the probability theory, we can find that if the node chooses a spectrum with the probability 1/n i , other nodes need to choose other spectrum with the probability 1 − 1/n i mi−1 to avoid collision.
Then, we can obtain the successful access probability of the node in path i as
D. End-to-end delay analysis for each path
We suppose each spectrum fragment's capacity in the networks is the same with each other, and if the transmit node occupies the spectrum in one time-slot the packet transmission rate is normalized to be 1. Then, the mean service rate u i of the transmitting node in the CWN i can be obtained as
Recall that, the arrival traffic packets are split to path i with α i , the effective arrival rate of path i, denoted by λ i , is given by
Then, the utilization factor [8] of path i, which means the traffic load of node in the path i, denoted by ρ i , can be obtained as
Note that, in order to guarantee the system stability, ρ i must satisfy ρ i < 1, so we enforce that
That is, the arrival traffic rate must be less than the service rate. From [9] , the queue length of the node in the path i can be derived as
As a direct result of Little's Theorem, the average delay of node in the path i can be expressed bỹ
whered i represents the delay of each node in the path i.
Since the service rate of each node in the tandem path i is uniform, the end-to-end delay of path can be derived as
III. PROBLEM FORMULATION
As the model we have presented above, the service center makes communication session with destination node through multiple paths. From [7] , the end-to-end delay which is based on multiple paths can be presented as aggregated delay. Our objective is to minimize the endto-end delay of the communication in HCWNs under the total spectrum resource constraint. Then, the problem can be formulated as
where
, and N th is the total applied spectrum resource budget. The whole spectrum resource which is assigned to the session can not exceed the budget. n i is an integer variable. Note that the problem is a mixed-inter nonlinear programming problem which is an NP-hard problem. Therefore, it is impractical to determine the optimal solution directly. A step-by-step iterative algorithm that iteratively optimizes the traffic splitting and spectrum resource allocation will be provided in the next section.
IV. JOINT TRAFFIC SPLITTING AND SPECTRUM
RESOURCE ALLOCATION
A. optimizing the traffic splitting with given spectrum resource allocation
We first consider the problem of optimizing the traffic splitting ratio α i of each path for the given spectrum resourceñ i . Then the problem of OP1 is transformed as
whereũ i denotes the service rate of path i. It associates with the spectrum resourceñ i which is supposed as a given parameter. From the two-order derivative of parameter α i and the linear constraints in (11) , it can be found that problem OP2 is a convex optimization problem. Then, optimal solution can be determined by convex theory [10] and the Lagrange function of problem OP2 can be defined as
where φ, θ i and h i are the Lagrange multipliers for the three constraints in OP2, respectively. l eps is small enough and near to zero. Using the Karush-Kuhn-Tucker (KKT) conditions [10] , the necessary and sufficient conditions for the optimal solution are given as
The dual problem can be solved by using sub-gradient method [11] . Then, a sub-gradient iterative algorithm is developed, and the Lagrange multipliers can be updated as
where [x] + = max {x, 0}, t denotes the iteration time and ε (t) , β (t) , σ (t) are the step sizes. If the step sizes are suffciently small, the sub-gradient iterative algorithm is guaranteed to converge to the optimal solution [12] .
B. optimizing the spectrum resource allocation with given traffic splitting
After the traffic spitting ratio α i has been obtained by solving the problem OP2. We then consider the problem of optimizing the spectrum resource n i for the givenα i . And OP1 can be transformed as
Note that, the problem is a mixed-inter nonlinear programming problem which is NP-hard. For this kind of problem, a relaxing solution and branch and bound (B&B) algorithm [11] is an effective method to search the optimal solution. A typical B&B algorithm contains two important processes as branching and bounding processes. Branching process divides the feasible set of problem into several sub-sets and formulates the corresponding problems with these sub-sets. Bounding process finds the upper and lower bounds for these sub-problems. It iterates the branching and bounding processes until the appropriate solution is found out. The solution can be detailed as follows Relaxing: First, before branching, the integer constraint is relaxed into a continue variable, and the new subproblem of OP3 can be given as
We can obtain the optimal solution n 1 by solving the problem subop1. If the solution n 1 satisfies the integer constraint, the solution n 1 is the optimal spectrum resource allocation, and the algorithm can be terminated, otherwise the value f n 1 is the lower bound of problem OP3. Then the problem subop1 can be divided into two sub-problems. Branching and bounding: Suppose the component n j 1 of n 1 is non-integer. Then, subop1 problem can be branched into two sub-problems as
The methods to solve the above problems are similar with subop1. If the solutions of subop2, subop3 do not satisfy the integer constraint, the problems are continuously to be divided and branched. This branching and bounding processes will be repeated until the optimal solution of the sub-problem satisfies the integer constraint. Fig.2 presents the instance for the algorithm in our problem. It can be found that a lower bound with 8.0 is obtained from the relaxing problem subop1. Then, branching the constraint by the value n 1 1 into branch 1 (subop2) and 2 (subop3). From the convex optimizing with branch 1, the solution of subop2 is achieved and it satisfies the constraints. The current optimal solution of the problem OP3 is first set with 8.698. However, from the convex optimizing with branch 2, the solution do not satisfy the constraints, but the value is lower than the current optimal solution. Then, the branch 2 is continue to be branched with branch 3 and 4. Solutions of branch 3 and 4 satisfy the integer constraints, but the values 9.231 and 8.835 are upper than the current optimal solution 8.698. Then the final optimal solution of OP3 is obtained with 8.698. Solving the sub-problems: The solutions of the subproblems are similar with each other, we solve the problem subop2 as example. From the two-order derivative of the parameter n i and the linear constraints, we can find the problem subop2 is a convex optimization problem. Convex theory [10] can be used and the Lagrangian function is defined as
where ϕ i , ν, o i and φ represent as the Lagrange multipliers for the three constraints in subop2, respectively. Following the similar solution in problem OP3, the Karush-Kuhn-Tucker (KKT) conditions and sub-gradient method can be used to solve the above dual problem also.
C. algorithm for joint traffic splitting and spectrum allocation optimization(JTSSA-A)
It can be found that the optimizing of traffic splitting and spectrum resource allocation can be implemented effectively when one side is given. As [13] , we can iteratively optimize the traffic splitting and spectrum resource allocation when one side is given. The solution of (α, n) can be achieved better and better by the iterative optimizing of the parameter α and n. Then, a tradeoff between the performance and complexity can be achieved by performing the algorithm with setting a appropriate iteration number L.
Based on the above discussion, a joint traffic splitting and spectrum allocation optimization algorithm can be devised as Algorithm 1. Algorithm 1. JTSSA-A 1) Initial: distributing the total spectrum resource equally among each path. 2) For the given spectrum resource allocation, optimizing the traffic splitting by solving the problem OP2. 3) For the given traffic splitting, optimizing the spectrum resource allocation as follows: a) Relaxing: relaxing OP3 to subop1, get solution n 1 .
if n 1 satisfies the integer constraint return n 1 ; else Lower bound is set to ∞, d-problem = subop1, which is needed to divide. n current = 0 b) Branching: dividing d-problem into two sub-problems by adding constraint n j ≥ n j l ,n j < n j l , where n j l is the non-integer solution at level l. c) Bounding: solving sub-problems, get solution branches
if the minimum solution branch satisfies the integer constraint and f m < f (n current ) Update n current with the minimum solution.
Update the Lower bound with f m , goto d). else Update the d-problem with the minimum solution branch, goto b); d) Search the branch in the tree if there has the branch that the object value is lower than the Lower bound. assigned the branch to d-problem, goto b); else return n current ; 4) iterating 2) and 3) until the algorithm converges or reaches the setting iteration number L
D. Complexity analysis
As mentioned above, it needs iteratively optimizing the traffic splitting and spectrum resource allocation. For the optimizing of the traffic splitting under given spectrum resource allocation, with an appropriate choice of step size, it is supposed that it needs ∆ sub-iterations to converge to optimal traffic splitting. For each sub-iteration, it requires K evaluations to find the traffic splitting under the Lagrange multipliers. Hence, the complexity for traffic splitting optimization is O (K∆). For the optimizing of the spectrum resource allocation under given traffic splitting, branch and bound algorithm is used. In the worst case, it generates and complexity. Then, the complexity of the proposed
2 i in the worst case. Since the path number K is finite and always small, actual complexity will be far less than this worst case bound.
V. PERFORMANCE ANALYSIS
In this section, we present some simulation results to demonstrate the effectiveness of the proposed algorithm. To evaluate the advantage of the proposed algorithm, Equal Algorithm and Single Access Algorithm are presented in this section. Equal Algorithm is a simple algorithm which applies equal spectrum resource and splits equal traffic ratio among each path. An algorithm that the cognitive user access HCWNs by only choosing the network which provides best performance is named Single Access Algorithm. The simulation performance among the Proposed Algorithm, Equally Algorithm and Single Access Algorithm is presented in Fig.3 and Fig.4 . It is assumed that two cognitive ad-hoc wireless networks, a cognitive user and a service center distribute in the system as Fig.1 . The cognitive user accesses two CWNs simultaneously with Multi-RATs to get services from the service center. The numbers of the relay nodes in these two CWNs are uniformly distribute in 4∼7, 6∼8 respectively. Each cognitive ad-hoc wireless networks coexists with only one primary user. Since the spectrum capacity is assumed to be uniform as mentioned above, the service rate of each primary user can be set with 1 packet/ms uniformly. The arrival packet rates of primary users in two networks are assumed to be uniformly distributed in 0.5∼1 packets/ms and 1.5∼2 packets/ms respectively. Fig.3 shows the performance among the Proposed Algorithm, Equally Algorithm and Single Access Algorithm versus different total spectrum resource. The arrival packet rate of service center is set with 0.1 packets/ms. Endto-end delay is used to represent the QoS performance. It is noticed that the Proposed Algorithm reaches higher QoS performance (lower end-to-end delay) than Equal Algorithm and Single Access Algorithm. In Fig.3 , we can get the conclusion that the QoS performance is monotonically increasing by the total applied spectrum resource and the slop of curve is becoming smaller. The reason is that when the total applied spectrum resource increase, the access probability of cognitive node will increase, the capacity will increase as well. However, when the spectrum resource is large enough, the access probability will be stable and near to 1. Fig.4 shows the performance among the Proposed Algorithm, Equally Algorithm and Single Access Algorithm versus different arrival packet rate. The total spectrum number is set with 200. It is noticed that the Proposed Algorithm reaches the same performance with Single Access Algorithm when the arrival packet rate is under 0.1 packets/ms. It means when the traffic is under a threshold, single access is sufficient. Certainly, we can find that the Proposed Algorithm outperforms the Equally Algorithm and Single Access Algorithm.
As mentioned above, the proposed algorithm iteratively optimizes the traffic splitting and spectrum resource allocation. Fig.5 shows the convergence rate of proposed algorithm in HCWNs under the different initial spectrum resource allocation. In Fig.5 , it can be observed that the proposed algorithm improves the end-to-end QoS performance through iterations. It coincides with the above analysis that the solution of the problem can be obtained better and better by iteratively optimizing. It also can be found that the proposed algorithm converges to a stable solution which is a local optimal solution within 3 iterations at most. It is obvious that end-to-end delay in the first iteration is very different because of the different initial spectrum resource allocation. However, the proposed algorithm with different initial spectrum resource allocation reaches the same stable solution.
VI. CONCLUSION
In this paper, the optimization of traffic splitting and spectrum resource allocation in HCWNs based on MultiRATs was studied. The end-to-end QoS performance of 8.8
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the communication session was investigated. A step-bystep iterative algorithm which optimizes traffic splitting and spectrum resource allocation iteratively when one side is given was proposed. The performance evaluation results show that the proposed algorithm outperforms the existing methods and quickly converges to a local optimal solution. In a word, significative benefits with improved end-to-end QoS and spectrum utilization can be obtained by taking the advantages of the proposed algorithm in HCWNs. For future work, a fast algorithm with reduced complexity is needed to considerate. 
